1
Cyanobacteria of the Synechococcus and Prochlorococcus genera are important contributors to photosynthetic productivity in the open oceans [1] [2] [3] . Recently, core photosystem II (PSII) genes were identified in cyanophages and proposed to function in photosynthesis and in increasing viral fitness by supplementing the host production of these proteins [4] [5] [6] [7] . Here we show evidence for the presence of photosystem I (PSI) genes in the genomes of viruses that infect these marine cyanobacteria, using pre-existing metagenomic data from the global ocean sampling expedition 8 as well as from viral biomes 9 . The seven cyanobacterial core PSI genes identified in this study, psaA, B, C, D, E, K and a unique J and F fusion, form a cluster in cyanophage genomes, suggestive of selection for a distinct function in the virus life cycle. The existence of this PSI cluster was confirmed with overlapping and long polymerase chain reaction on environmental DNA from the Northern Line Islands. Potentially, the seven proteins encoded by the viral genes are sufficient to form an intact monomeric PSI complex. Projection of viral predicted peptides on the cyanobacterial PSI crystal structure 10 suggested that the viral-PSI components might provide a unique way of funnelling reducing power from respiratory and other electron transfer chains to the PSI.
Bacteriophages have the ability to manipulate the life histories and evolution of their hosts 11 and evolved many adaptation and defence mechanisms for efficient survival and multiplication. Most of these involve manipulation of the host DNA, as well as the incorporation, into the phage genomes, of bacterial genes that encode proteins with a potential to facilitate bacteriophage reproduction 12 . Recently, it was discovered that marine cyanophages (bacteriophages that infect cyanobacteria) carry photosynthetic genes, and it was suggested that these genes increase phage fitness [4] [5] [6] [7] . Cyanobacterial photosynthetic membranes contain two photosystems, of which PSII mediates the transfer of electrons from water, the initial electron donor, to the plastoquinone pool, whereas PSI mediates electron transfer from plastocyanin to ferredoxin, thereby generating reducing power needed for CO 2 fixation in the form of NADPH. Although PSII is known to be sensitive to photodamage, PSI is considered to be a more stable complex. The PSII gene psbA coding for the labile D1 protein is readily detected in various cultured and environmental cyanophages infecting Prochlorococcus and Synechococcus 4, 6, 13, 14 . Furthermore, other photosynthesis genes encoding the PSII D2 protein 4, 6 , high-light inducible proteins, pigment biosynthesis proteins (Ho1, PebA and PcyA), or the photosynthetic electron transport proteins plastocyanin (PetE) and ferredoxin (PetF) were also identified in several cyanophage genomes 6, 15 . To assess the possible presence of other photosynthesis-related genes in viruses, we set up a designated search scheme for publicly available metagenomic data. Initially we searched for the cyanobacterial PSI gene psaA. Together with PsaB, the PsaA protein forms the heterodimeric core of PSI that binds the primary electron donor P700, formed by a special chlorophyll pair 10 . Using tBLASTx, different Synechococcus and Prochlorococcus psaA gene sequences were used as queries against the global ocean sampling (GOS) expedition 8 data set.
We detected 574 psaA-containing GOS scaffolds. These were further screened to identify those that were likely to originate from viruses using tBLASTx against refseq_viral, a database that contains all known viral genomes. This procedure reduced the number of suspected scaffolds to five. The PsaA homologues encoded by these sequences showed only 65-75% identity to Prochlorococcus or marine Synechococcus PsaA proteins. On a maximum-likelihood tree, four of these proteins clustered together on a well-supported branch related to Prochlorococcus PsaA, whereas the fifth sequence (JCVI_SCAF_1096628008692) was retrieved near the base of the Synechococcus branch (Fig. 1) . Because the GOS general scaffold assembly represents reads that come from different GOS sample sites or from different clones and hence are chimaerical by definition, we restricted all further analysis to sequences assembled from single clone reads only. Analysis of the GOS clones containing the modified psaA genes confirmed their viral origin (probably cyanophages of the Myoviridae family), as indicated by the presence, in the vicinity of psaA, of typical viral genes, such as nrdA and B (that encode the a2 and b2 subunits of viral ribonucleoside diphosphate reductase, respectively) or the T4-like neck gp13 protein gene (Fig. 2) . In addition to psaA, these clones contained clusters of PSI genes, including psaB, psaC, and a unique fused version of the psaF and psaJ genes (psaJF). An analysis of the GOS data sets with other PSI peptides as baits showed the presence of several other PSI clusters also containing psaE, psaK and psaD genes (see distribution in the different GOS sites in Supplementary Table 1) . Like with PsaA, phylogenies made with these extra PSI protein sequences showed that they were all clustered at a distance from the homologous proteins of Prochlorococcus and Synechococcus, with the exception of PsaC and PsaD from GOS clone 1061008099984 (hereafter described as clone 9984; a clone used to build the previously mentioned scaffold JCVI_SCAF_1096628008692), which were retrieved closer to corresponding cyanobacterial sequences than to other viral sequences ( Supplementary Fig. 1 ). Examining the Prochlorococcus and Synechococcus genome arrangements (Fig. 2 , middle panel) or gene-pairs frequency modelling showed that the organization observed in most viral clones, psaJF-C-A-B-K-E-D, differs from that observed in these cultured cyanobacterial genomes and in most other (probably cyanobacteria-derived) GOS sequences (Fig. 3) .
The PSI genes found on clone 9984 (represented by GOS reads 1095964115098 and 1095975140994 in Fig. 2 ) had a different order (psaD-C-A) than on the other clones, consistently with their distinct positions in phylogenetic trees ( Supplementary Fig. 1 ).
To validate the viral origin of these genes and their unique cluster organization, data obtained from the GOS project were cross-referenced with recently released 454 pyrosequencing metagenomic sequences obtained from a variety of marine and non-marine viral and microbial biomes data sets 9 . This was a critical step in increasing the credibility of the results because the two approaches each introduce different biases 16 .
The various viral-suspected PSI GOS clones identified were used to recruit reads from these different data sets. Marine virome fragments were readily recruited to all of the viral GOS clones regions, whereas virome or microbiome fragments coming from other environments were scarcely recruited (Table 1) , with a much lower identity (Fig. 4a ), further supporting a marine viral origin for the PSI clones. The overall coverage measure of viromes and microbiomes to all different GOS clones containing PSI genes ( Fig. 4b ) clearly points to two distinguished populations, one from bacteria (cyanobacteria) and one from viruses (phages). Except for clone 9984, all our identified viral clones are falling in the viral population. Furthermore, marine virome fragments were also recruited to regions between the photosynthesis genes, linking neighbour genes in the observed viral cassette (Fig. 4a and Supplementary Table 2 )-an observation that supports the gene cluster organization observed on the GOS clones.
To validate the juxtaposition of the genes in the identified viral-PSI gene clusters, DNA from the Northern Line Islands marine virome 17 was used to perform 'continuous' overlapping and long PCR with primers assigned to the different genes (Supplementary Table 5 ). The results of the 'continuous' overlapping PCR (Fig. 2 
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Synechococcus RCC307 Fig. 2 and Fig. 2, bottom panel) spanning the entire PSI cassette and including the viral nrdB gene, show that the different genes in the cluster nrdB-hyp-psaJF-C-A-B-K-E-D (and also a new arrangement nrdB-psaJF-C; GenBank accession EU926755) are physically linked and exist as one photosynthetic cluster.
JCVI
Although the data presented here are derived from environmental genomic data sets (non-continuous data), and therefore the lack of genes is not a proof of absence, it is notable that the PSI genes psaI, psaL and psaM were not found in the viral psa gene cassettes. The psaM gene is naturally absent from plants 18 and its inactivation in cyanobacteria shows that it is mainly required for the formation of stable PSI trimers 19 . Similarly, targeted inactivation of cyanobacterial psaL produces functional PSI complexes unable to form trimers, whereas PsaI is mostly required for stabilizing PsaL 20 . Therefore, these three proteins are mainly involved in the trimer formation of cyanobacterial PSI, and their potential absence from the viral clone might indicate the formation of a monomeric PSI complex as in plants 21 and not a trimeric complex as in cyanobacteria 22 . All genetic information required to form this putative minimal, monomeric PSI is clustered onto a very small cyanophage genome fragment (,5.9 kb). To our knowledge, gene clusters encoding all the components of a photosystem from an oxygenic phototroph have not been previously reported, and neither have there been reports on cyanobacterial PSI genes outside a cyanobacterial chromosome.
The potential structural consequences of assembling the phage proteins into the PSI complex were modelled in relation to the 2.5 Å structure of PSI from the cyanobacterium Thermosynechococcus elongatus 10 . We modelled the PsaJF fusion protein (in which the carboxy terminus of PsaJ is fused to the amino terminus of PsaF) at the position of subunits J and F of PSI. Figure 5 shows that the viral PsaJF fusion protein fits perfectly at the position of subunits J and F in the PSI structure. The only prominent change was the absence of the N terminus of subunit F, which is responsible for the specific binding of the natural electron donor (plastocyanin) of PSI 23 . In chloroplasts of green algae and plants, this part of subunit F is elongated, resulting in higher affinity of plastocyanin to the chloroplast PSI 18, 23, 24 . Although both plastocyanin and cytochrome c 6 are capable of donating electrons to PSI 24 in Chlamydomonas reinhardtii, this site in higher plants is specific for plastocyanin 25 . However, the electron donation to PSI is not at all promiscuous, and several soluble cytochromes, including the respiratory cytochrome c, fail to donate electrons to PSI 26 . We propose that the replacement of PsaJ and PsaF with the viral PsaJF fusion protein enables electron donation through extra electron carriers, including cytochromes that usually function as electron donors to cytochrome oxidase.
The mechanistic consequence of a less selective electron donation to PSI might be the possibility of sharing reducing power generated by the respiratory chain with the photosynthetic electron transport chain. A similar phenomenon, called chloro-respiration, detected in both cyanobacteria and chloroplasts, was attributed to the plastid terminal plastoquinone oxidase (PTOX) 27 . The electron mediator in this process is plastoquinone, which shuttles between the respiratorylike chain and the chloroplast b 6 f complex 27 . After phage infection and the incorporation of the phage gene products into PSI, the function of electron mediation could be carried out by a soluble cytochrome. Moreover, the phage might boost the amount of PSI to lead the infected cyanobacterial cells towards a cyclic photosynthesis for the generation of ATP in expense for the production of reducing power for CO 2 fixation. The PSI levels are notably low in both oceanic Synechococcus 28 and in Prochlorococcus
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, possibly as a result of adaptation to low iron levels, and it was recently proposed that a compensatory mechanism might exist, involving alternative electron flow to O 2 (ref. 28) .
The phage PSI gene fusion psaJF described here is, to our knowledge, the first example of a phage gene innovation that involves structural membrane proteins. Modification towards a new function of existing cyanobacterial proteins by their phages was recently demonstrated for the divergent phage PebA homologue 30 (renamed PebS (phycoerythrobilin synthase)). The phage PebS single-handedly catalyses a reaction for which uninfected host cells require two consecutive enzymes, PebA and PebB. Considering these findings and our calculations that suggest a high likelihood of gene cluster formation in phage genomes (see Supplementary Information), the oceanic virome could be an almost unlimited source of naturally bioengineered gene cassettes.
METHODS SUMMARY
Collecting GOS-PSI clones. The following steps were taken to identify viral and non-viral PSI clones in GOS: (1) tBLASTx searches, with e-value threshold of 10 220 , of psaA, psaB, psaC, psaD, psaE, psaF, psaJ and psaK probes against the data set of GOS scaffolds. This step yielded 1,167 scaffolds. (2) Identify all reads composing the scaffolds found in the previous stage and their division into clones. Overall, 3,758 reads from 2,147 clones were found (536 single-read and 1,611 pair-end clones). (3) 'In-clone assembly', the reads of each pair-end clone were aligned (bl2seq) and assembled; 50 Ns were added between nonoverlapping reads. (4) Annotation, an iterative procedure was used for gene discovery and annotation: at each iteration all clones were BLASTxed against nr (e-value threshold 5 10), first hit for each clone was saved and the clone's segment in the alignment was replaced with Ns. For each clone, the process halted when no new hits were found. (5) All clones with no PSI hit were removed. Overall we were left with 1,585 GOS clones carrying at least one PSI gene. Collecting preliminary set of viral-PSI sequences in GOS. To find candidate viral-PSI sequences in GOS we have used the following two-step method: first, identify all GOS sequences (scaffolds or clones) containing psaA genes (see earlier); and second, identify viral genes on psaA-containing sequences. In the second step, all psaA-containing sequences were blasted (tBLASTx) against the refseq-viral database (again, with an e-value threshold of 10 220 ). The initial scan revealed five scaffolds containing both psaA and viral genes. These scaffolds were annotated (BLASTx against the nr database) and found to contain both viral genes such as nrdA and nrdB, as well as PSI genes such as psaA, psaC, psaD and a fusion of psaJ and psaF.
For details on recruitments against 454 databases, gene organization analysis, abundance measures, estimation of the number of recombination events, and PCR conditions, see Supplementary Methods.
